The basics of the self-assembled growth of GaN nanorods on Si(lll) are reviewed. Morphology differences and optical properties are compared to those of GaN layers grown directly on Si(lll). The effects of the growth temperature on the In incorporation in self-assembled InGaN nanorods grown on Si(lll) is described. In addition, the inclusion of InGaN quantum disk structures into selfassembled GaN nanorods show clear confinement effects as a function of the quantum disk thickness. In order to overcome the properties dispersion and the intrinsic inhomogeneous nature of the self-assembled growth, the selective area growth of GaN nanorods on both, c-plane and a-plane GaN on sapphire templates, is addressed, with special emphasis on optical quality and morphology differences. The analysis of the optical emission from a single InGaN quantum disk is shown for both polar and non-polar nanorod orientations.
Introduction
Group Ill-nitride semiconductors are very appealing for applications in optoelectronic devices, in particular, InGaN alloys for light emitters working in the whole visible spectral region, 1 ' 2 ' 3 that open the way to develop phosphor-free white light emitters.
Most research efforts focused mainly on c-plane quantum well (QW) structures, though their efficiency suffers from (i) a reduced radiative recombination rate due to the quantum confined Stark effect derived from spontaneous and piezoelectric polarizations, and (ii) the high density of nonradiative defects due to the lattice mismatch between GaN and InGaN.
It has been shown that dislocation-and strain-free group-Ill nitrides can be grown on Si(100) and (111) ' 8 in the form of onedimensional structures such as nanorods (NRs). A potential benefit of NRs as light emitters, aside from their very high crystal quality, relies on better light extraction efficiency as compared to thin films, because of a guiding effect along the NR axis. When embedding quantum disks (QDisc) in NRs, light emission enhancement is expected due to carrier confinement. 9 ' 1011 ' 1213 In addition, it has been demonstrated that white light emission can be obtained from self-assembled InGaN/GaN NRs.
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Self assembled arrays of InGaN/GaN nanocolumnar Light Emitting Diodes (LEDs) always show polychromatic emission mainly due to an inhomogeneous distribution of NRs geometry (diameter, height), In content, and strain distribution within the active region (QDisc). 15 ' 16 ' 18 In addition, self-assembled NRs may merge generating extended defects as dislocations and stacking faults. Thus, efficient white LEDs based on IIInitrides grown by a self-assembled method have little chances to become commercial. However, self-assembled Ill-nitride NRs played a significant role in helping to understand material properties and the physics involved in efficient light emission from almost defect-free nanocrystals. The first part of this work will address the growth of self-assembled GaN NRs on Si(lll) substrates, as well as InGaN/GaN NRs and InGaN QDiscs embedded into GaN NRs. The second part of the work will address the selective area growth (SAG) of these structures leading to ordered arrays as functional blocs to develop actual devices (LEDs). During the last years the SAG of GaN NRs 19 ' 20 ' 21 ' 22 has been studied by a number of groups, allowing the fabrication of NRs with well controlled position and diameter. In this work, SAG of GaN NRs on polar (c-plane) and non-polar (a-plane) sapphire/GaN templates will be addressed. The incorporation and properties of InGaN QDiscs to both polar and non-polar NRs will be studied.
Experimental
The plasma assisted molecular beam epitaxy (PAMBE) system used in this work was equipped with a rf-plasma source providing active nitrogen and standard Knudsen cells for Ga and In. All samples were grown, either on Si(lll) for self-assembled GaN NRs, or on titanium nanohole masks deposited on c-plane or a-plane GaN/sapphire templates for SAG of GaN NRs. Metal and nitrogen fluxes were calibrated in (0001) GaN and (0001) InN growth rate units (nm/min). 23 In wurtzite GaN and InN the areal densities referring to 1 monolayer (ML) are 1.14xl0 15 GaN/cm 2 and 9.17xl0 14 InN/cm 2 respectively. 24 ' 25 Once grown, the samples were studied with scanning electron microscopy (SEM), photoluminescence (PL), and transmission electron microscopy (TEM). PL experiments were carried out using a He-Cd laser with a constant power of 30 mW as excitation source. Due to the chromatic collection system used, different signal optimizations in the case of a broad spectrum are possible, thus potentially deforming the overall aspect of the spectrum. Then, the collected optical signal was systematically optimized by setting the spectrometer at the center of the visible spectrum, therefore slightly detrimental to contributions from the red and blue-violet regions.
Results and Discussion

Growth of self-assembled nanocolumns on Si(lll) substrates
In the last years many reports on the growth of self-assembled Ill-nitride NRs have been published. ' 31 The basic principles that govern the self-assembled growth process may now be summarized in a brief way yielding the necessary information to understand them. This will allow later a straight comparison with SAG.
Self-assembled GaN NR grown on Si(lll) have excellent structural and optical properties, as compared to those of thin films. The reason for that relies on the absence of extended defects in the NRs that are also intrinsically free of strain because of their small footprint and large surface to volume ratio. This allows NRs to "disconnect" from the substrate after a few MLs by generating dislocations at the interface. 32 The selfassembled growth of GaN NRs is governed by two main factors: (i) the growth temperature and (ii) the Ga/N ratio. The impact of these parameters on the growth has been studied extensively. 24 The actual Ga/N ratio for the growth of self-assembled NRs has to be smaller than 1 in order to prevent the coalescence (enhanced lateral growth) of the isolated GaN islands formed at the very beginning of the growth. Note that the actual Ga/N ratio may substantially differ from the nominal one, because of Ga desorption and GaN decomposition that may have a strong effect depending on the temperatures used. 23 
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Assuming constant Ga and N fluxes of 0 Ga = 1 nm/min and 0 N = 6 nm/min that yield a III/V ratio smaller than 1, lower and upper values of the growth temperature allowing the NRs growth (NR regime) can be defined. The lower temperature limit is determined by the transition from self-assembled NR regime to compact layers, at around 760°C (for the established fluxes), that can be understood in terms of Ga diffusion which must be high enough in order to allow for the nucleation of well separated GaN islands. 30 The upper temperature limit is determined by the balance between the nominal growth rate and the Ga desorption and GaN decomposition rates, both being exponential functions of the temperature. Beyond this limit no growth is possible. 33 Note that this boundary, that occurs around 810°C for the established fluxes, shifts towards higher temperatures when increasing the Ga flux. Figure 1 shows SEM images of GaN samples grown directly on Si(lll) at different temperatures and Ga/N ratios. Figure 2 reveal strong differences depending on crystal quality. For NRs the spectrum is dominated by the D°X line at 3.47 eV and the TES (Two-Electron Satellite) at around 3.45 eV. The line width of the D°X is around 4-5 meV indicating a high "optical quality" of the NRs. In contrast PL from GaN layer shows a clear peak at 3.45 eV with a line width of 44 meV, revealing both the presence of tensile strain and a much lower material quality. Among the three variables mentioned before, the substrate temperature is by far the most important to successfully grow InGaN NRs since it affects the Ga and In desorption and diffusion processes as well as the decomposition of GaN and InN. It is important to note that the desorption of In and the decomposition of InN are significantly higher than the corresponding to Ga and GaN at the typical temperatures to grow self-assembled GaN NRs. 25 Figure 4 shows the In incorporation in these InGaN/GaN NRs as a function of the temperature derived from PL measurements. It can clearly be seen that for lower growth temperatures the In incorporation is increased up to a point of saturation (around 675°C), i.e. all the In supplied is incorporated. The In content can be estimated from the InGaN PL peak energy position according to Wu et al., 34 being -15% at 725°C; -22% at 700°C
and 33% at 675°C and 650°C.
As pointed out at the beginning of this section, diffusion and desorption are important variables which are strongly affected by the temperature. As a consequence significant changes in the NRs morphology should be expected as a function of the growth temperature. Indeed, two distinct effects are observed when lowering the growth temperature: (i) a change of growth rate, and (ii) an increase in the NR diameter. When neglecting the nucleation time, the growth rate of the GaN NRs reference sample can be estimated from Figure 5a to be around 10 nm/min. As shown in Figure 5b , for the InGaN NRs grown at 700°C a decrease in total NR length (1.0 versus 1.2 iim) and an increase in diameter (100 nm versus 50 nm) as compared to the reference sample can These values are plotted in Figure 4 , indicating an initial decrease in the InGaN growth rate when lowering the growth temperature from 750 to 700°C, and a partial recovery for temperatures below 700°C. The total metal flux (0 Ga + O to ) being present during the growth of the InGaN NR part can be considered to be close to 0 Ga in the temperature range between 750 and 700°C due to the very strong In desorption, as indicated by the PL peak position ( Figure 4) . 25 With that in mind the reduction of the Gaadatoms diffusion length when lowering the sample temperature may account for the observed reduction in growth rate. Please note that it has been shown previously that the growth rate of GaN NRs is limited by the Ga-flux and that the diffusion of Ga-ad-atoms up the NR sidewalls is the main Ga source for the self-assembled GaN NR growth.
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Based on these arguments the partial recovery of the growth rate shown in Figure 4 can be explained by an enhanced incorporation of In due to a lower In desorption and InN decomposition.
The increase in the diameter of the NRs is observed to take place below the nominal GaN/InGaN interface, with the NR gradually widening up to the top (Figure 4b ). From cathodoluminescence date (not shown) it can be seen the emissions related to InGaN arise only from material above this interface pointing towards Ga ad-atoms as the responsible for the diameter increase below the nominal interface. This can be explained by a longer residence time of Ga ad-atoms on the NR sidewall increasing the probability for them to bind with nitrogen before desorbing or reaching the NR top. Above the nominal GaN/InGaN NR interface both In and Ga will contribute to the lateral growth. When decreasing the growth temperature further the diameter increase can lead to the coalescence of the NRs (Figure 4c ).
As discussed before, self-assembled InGaN NRs show in general a polychromatic PL emission mainly due to fluctuations of In%. This fact, together with inhomogeneities on the current injection (electroluminescence), the appearance of black spots due to defects formation upon NRs merging, and the difficulty to process them in a planar fashion, prevents a commercial exploitation for LEDs, particularly for monochromatic ones. 15 ' 16 However, self-assembled InGaN NRs are quite helpful to study different strategies to generate white light. Since the growth temperature is one of the main factors that control the In incorporation, a temperature gradient during the InGaN NR growth should lead to a broad emission (white). Figure 6 shows PL emission from an InGaN/GaN NRs array (self-assembled) where the InGaN region was graded in composition by changing the temperature from 750°C to 650°C, leading to an approximated change in average In% from 0 to 33% (Figure 4) . PL emission at low temperature is indeed broad (white) and rather intense. However, the PL intensity quenches significantly at room temperature, being this effect much stronger on the "high energy" side of the spectrum. This result may be explained by the diffusion of carriers from regions of lower In content (lower localization energy) towards regions of higher In content [17] .
Growth of InGaN single quantum disks embedded into self-assembled GaN NRs
Other approach to increase the efficiency of InGaN/GaN self-assembled nanocolumnar heterostructures for light emission is the use of InGaN QDiscs embedded into a GaN NR, leading to an increase in oscillator strength due to a higher confinement. The InGaN QDisc chosen for the confinement study was grown under the same conditions, in terms of absolute III/V ration and In/Ga ratio, as the InGaN NRs discussed in the previous section. Having in mind that the InGaN NRs already showed a complete incorporation of supplied In when grown at 675°C, and assuming a similar behavior when growing QDiscs, these last were grown at 625°C while all other conditions were kept constant a rough estimation of the In% in the QDisc, without considering possible strain related effects, can be derived from PL data, being around 33%, as derived from Figure 4 . A series of 3 samples with nominal QDisc thicknesses of 4 nm, 8 nm, and 16 nm was characterized by PL. Figure 6 shows the PL spectra of these samples at RT and 11 K in comparison to a bulk InGaN/GaN NR sample with the InGaN part grown at 675°C. For all three QDisk samples an InGaN related PL emission consisting of several peaks can be observed. As expected in terms of quantum confinement a blue shift of the overall InGaN related PL emission compared to the InGaN/GaN NR sample (Figure 6d) can be observed for a nominal QDisk thickness of 4 nm and 8 nm. For the nominally 16 nm thick QDisk no confinement is visible. For all three samples PL internal quantum efficiencies (PL-IQE) of around 30% are reached.
Use of colloidal lithography to generate nanohole masks
In order to achieve SAG and fabricate ordered arrays of NRs, a nanohole mask must be fabricated on the GaN/sapphire templates, generally obtained by e-beam lithography (EBL). Another technique that provides cheap, fast and almost periodical geometries is the colloidal lithography. In this section a discussion of both masking approaches is presented with special focus on the colloidal lithography. The mask material can be either metal (Ti, Mo) or dielectric (Si0 2 , Si 3 N 4 ), but this study will focus on Ti masks
In EBL the mask manufacture consists of a thin Ti film deposition, e-beam patterning of ordered arrays of nanoholes, and transfer of the pattern to the mask underneath by dry etching. To obtain optimal results, additional cleaning steps have to be performed after each of these steps. The most critical aspects that affect the mask surface are roughness, cleanliness, and adhesion of the Ti film to the GaN substrate. When all these parameters are optimized, high quality nanomasks are obtained yielding to a successful and reproducible ordered nanocolumnar growth. These aspects have been thoroughly discussed elsewhere. 35 Besides EBL, colloidal lithography was used to fabricate Ti masks. As already mentioned, colloidal lithography is an easy, fast and cheap technique compared with others. 36 ' 37 Though not having a perfect periodicity, these masks are easily fabricated over wide areas (2 inch or more) in a short period of time, as compared to EBL, and they allow the study of the SAG process and optimization that will be then transferred to a more standard patterning technique like Nanoimprint Lithography (NIL).
Colloidal lithography is based on the deposition of nanobeads on the GaN surface to be masked by Ti. First the GaN surface is pre-treated by a sequential immersion in solutions of poly-electrolytes negative (PSS) and positively-charged (PDDA). The result is a trilayer PSS/PDDA/PSS, a few nanometers thick, covering the GaN surface. The negatively charged colloidal nanobeads used are made of polystyrene (PS) with diameters around 270 nm.
The solution (4% in weight) is deposited on the pre-treated GaN surface by spinning. As a result, areas with one monolayer of hexagonal close-packed nanobeads on the surface (scheme in Figure 7a , and example by SEM picture in Figure 7e ) are achieved. A following oxygen plasma treatment reduces the diameter of the nanobeads, while keeping the distance between them (pitch) constant (Figure 7b) . Then, 7 nm of Ti are thermally evaporated on the decorated surface (Figure 7c ). Finally, nanobeads are removed from the surface, by tape stripping and organics based cleaning, leading to a GaN surface masked by a 7 nm Ti layer with nanoholes (scheme in Figure 7d and SEM picture of a real mask on GaN in Figure 7f ). 
Growth of ordered NRs on c-plane and a-plane GaN/sapphire substrates
SAG of GaN NRs needs to achieve simultaneously: (i) selectivity, and (ii) onset of NRs on each nanohole. Since both steps are interconnected and dependent on the selected growth conditions (temperature, III/V) as well as on the mask geometry and material used, it seems plausible that the optimal growth conditions for SAG may differ considerably from those applicable to self-assembled growth. Indeed, these differences are mainly a much higher growth temperature and a very high Ga flux to compensate a huge desorption from the substrate surface. This can be understood based on the requirements to fulfill selectivity. Selectivity means that no growth must take place on the mask, but only within the nanoholes defined by the mask. In order to reach selectivity, the Ga atoms impinging on the mask must either desorb from it, or diffuse to the nearest nanohole, that is, avoiding nucleating GaN on the mask. This explains the "odd" conditions needed as compared to the self assembled growth. Both a high temperature and low active nitrogen act in the same way when thinking in terms of selectivity.
A high temperature is needed in order to increase both the diffusion length of Ga on the mask and also the Ga desorption rate from it to reduce the probability to nucleate GaN on it. This means a delicate balance because a too high temperature will certainly avoid nucleation on the mask by the strong Ga desorption, but it may also hinder any growth within the nanoholes. On the other hand, for a given temperature, selectivity will be enhanced for a lower amount of active nitrogen because the probability for Ga atoms to bind a N atom while on the mask are reduced. Again this means a balance because a low nitrogen amount may considerably reduce the NRs growth rate within the nanoholes.
Finally, the mask geometry is also a factor that must be considered for optimal SAG. The reason being that for a given temperature and nitrogen amount the distance between nanoholes (pitch), if too long, may favor GaN nucleation on the mask. This will happen if the pitch is too long in respect to the Ga atoms diffusion length (that depends on temperature). In addition, the size of nanoholes (diameter) for a given pitch will change the total density of Ga atoms within them, because of the Ga arriving by diffusion along the mask. Having all these factors in mind, ordered NRs of diameters from few tens of nanometers to almost one micron can be grown selectively. ' 22 In this work, ordered arrays of GaN NRs with diameters ranging from 50nm to 150nm were successfully grown, as shown in Figure 9 , using colloidal lithography. Note that different morphologies of the NR top surface can be distinguished. Namely, pyramidal "pencil like" (Figure 9c ) or flat (Figure 9b ) can be achieved depending on the growth conditions. A detailed discussion of this aspect is going to follow in an upcoming work, though it can be said that the main factor that determines the NR top profile is the density of Ga atoms within the nanohole at the early nucleation stage. Figure 10 shows SEM images (side and top) of an array of GaN NRs grown, in this case, on a EBL Ti mask. The dispersions in height and diameter with relative standard deviation of 1.6% and 2.9% respectively are quite small compared to those observed in self-assembled GaN NRs with standard deviations of 25%-60% in height and 10%-45% in diameter. The cross-sectional scanning TEM bright-field image in Figure 10a shows that the diameter of the NR agrees well with the nanohole size defined on the Ti mask. The dark contrast lines at the interface between NR and GaN template indicate structural imperfections due to basal plane stacking faults (SF). The presence of stacking faults in the NRs is confirmed by the diffraction contrast image shown in Figure 10b . Besides these SFs no other extended defects, like threading dislocations, are observed. This is proven by the lattice images in Figures 10c and lOd showing that most of the stacking faults cross the whole NR and therefore do not lead to the formation of partial dislocations. Since in SAG of GaN NRs no epitaxial strain is involved (homoepitaxy on GaN templates) these stacking faults could be attributed to impurities such as titanium. In order to evaluate the optical quality of the ordered NRs, PL spectra have been taken at low temperature and compared to those from self assembled NRs, as shown in Figure 11 .
Both the self assembled and the ordered NRs show a peak at around 3.47 eV which can be attributed to the D°X indicating that in both cases the NRs, as expected, are virtually strain free. 4 ' 32 The line widths of the D°X line for both ordered and self assembled NRs are around 5 meV.
Another advantage of SAG to be exploited for broad light emission relies on the control to terminate GaN NRs, either with flat tops, or pyramidal ones. The growth of InGaN QDiscs in such NRs will follow the overall growth front geometry on the GaN NCs, which will lead to QDisc shapes varying from cylindrical shapes to more complicated ones involving different planes (polar, non-polar and semi-polar). Since the growth on non-polar or semi-polar planes may reduce or suppress the internal electric field, the problems caused by quantum confined Stark effect may also be reduced or entirely suppressed. 40 In the case of SAG of GaN NRs on c-plane GaN templates, the NR growth front, though controllable as mentioned before, is in most cases formed by semi-polar planes (rplanes) and c-plane on top that yields a "pencil-like" profile. InGaN QDisc on them, a similar or even more complicated profile is generated for the QDisc. 21 As mentioned before, this kind of heterostructure may improve the light emission broadening (white) as well as its intensity due to a stronger electron-hole wave-functions overlapping. However, another, possibly better, approach is to grow the InGaN QDiscs and GaN NRs directly on non-polar GaN (m-planes) or [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] (a-planes) planes.
The growth of ordered GaN NRs on a-plane GaN/sapphire templates by PAMBE has recently been demonstrated. 37 The same conditions and critical steps are applicable for the SAG of GaN NRs either on c-planes or a-planes. Perfect selectivity on colloidal lithography masks is achieved on a-plane GaN/sapphire templates, as shown in Figure 12 . However, in this case, significant differences concerning the lateral and vertical growth rates can be seen. For SAG of GaN NRs on a c-plane GaN template, hexagonal prisms ending with a pyramidal or flat top are obtained. In the case of SAG on a-plane GaN templates, elongated (lateral) nanostructures with different facets are obtained, being the top most one an m-plane, as shown in Figure 13 . The direction along which these nanostructures show a pyramidal lateral termination (Figure 12a ) corresponds to the c-plane. The cross section on Figure 13 was cut along this direction that shows nanostructure elongation. The vertical growth direction is confirmed to be [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , perpendicular to the a-plane. The nanostructures exhibits lateral faceting perpendicular to and top facets perpendicular to Figure 14 shows the measured vertical and lateral growth rates for GaN NRs grown on c-planes and a-planes. The growth on c-planes is quite anisotropic, that is, the axial growth rate dominates by far, what leads to well developed NRs with a high aspect ratio. On the other hand, while the NRs lateral growth on c-plane is almost zero, it reaches a considerable value when growing on a-planes (ratio of 0.4). This ratio is kept almost constant when the active nitrogen is increased. In order to evaluate the quality of non-polar SAG GaN NRs, PL spectra have been taken on them, as well as on the a-plane GaN template (prior to growth). Figure 15a clearly shows a strong yellow band and a rather weak emission at around 3.4 eV for the GaN template, indicating a rather low quality. On the other hand, the GaN NRs show no yellow band and a strong band edge emission with two peaks at around 3.36 and 3.42 eV. In Figure 15b PL spectra of SAG NRs on a-plane and c-plane are compared. On c-plane, GaN NRs are fully relaxed, and the dominant excitonic emission corresponds to the D°X line ( Figure 11) . However, on a-plane the dominant line is around 3.42 eV, that is redshifted 50 meV in respect to the relaxed D°X line. This may indicate a strong biaxial tensile strain for GaN NRs grown on a-plane. Actually, the band edge PL line from the GaN template (3.43 eV in Figure 15a ) also corresponds to a red-shifted emission most likely due to biaxial tensile strain. It seems that there is a correlation between the two strain states in the template and the grown NRs, something that has never been observed when GaN NRs are grown on c-planes. The fact that the GaN NRs grown on a-plane are elongated and have a higher footprint as compared to their counterparts grown on cplanes, as well as a much smaller aspect ratio, maybe determinant to keep them under the biaxial tensile strain "inherited" from the template. In other words, a much higher nanostructure may eventually relax. A careful look at the NRs interface with the template by High Resolution TEM, checking for dislocation networks, may shine some light to better interpret these results. 
Growth of InGaN single quantum disks embedded into ordered GaN NRs
As in the case of self-assembled NRs, embedded InGaN QDiscs can be grown embedded into ordered NRs, either on c-plane, or a-plane. Figure 16 shows the morphology and optical properties of these structures. The PL spectrum of the InGaN QDiscs grown on a-plane SAG NRs shows a dominant emission line at 2.34 eV, attributed to the QDisc. The broad shoulder in the range of 2.6 eV to 3.3 eV is most probably related to the growth of InGaN on the TiN mask, as can be seen in Figure 16a (grey contrast between the NRs). The SEM image in Figure 16b reveal that the structures grown on c-plane GaN/sapphire templateshave a pyramidal top. From the PL spectrume two InGaN related peaks at around 2.45 eV and 2.95 eV are observed. The existence of two emission lines in the PL spectrum of InGaN QDiscs embedded on NRs with pyramidal top has already been reported elsewhere. 21 The low energy peak is thought to originate from the semi-polar side facet of the pyramidal top, while the high energy peak relates most likely to a polar plane developing at the apex formed by the convergence of six non-polar facets. Very high IQE was observed in the case of PL emission from the InGaN nano-disk embedded on a-plane GaN nanostructures. Figure 18 shows the LT (12 K) and RT PL spectra comparison. The IQE of the overall spectra is 7%, but as it was explained before, the emission has different InGaN contributions. Although the emission coming from the InGaN grown on the Ti mask (range between 2.3 eV to 3.3 eV) has a relatively low IQE (4.7%), as expected, the one coming from the embedded InGaN on the a-plane nanostructures, corresponding approximately to the range from 1.6 eV to 2.3 eV (red to green), has a IQE as high as 58%. Further improvement in the selective growth on aplane templates promises an extraordinary effect on the performance of future devices. 
Summary
The first part of this work described basic principles involved in the growth of GaN selfassembled NRs grown on Si(lll) substrates by PAMBE. Depending on the III/V ratio and sample temperature either GaN layers or GaN self-assembled GaN nanocolumns grow directly on Si(lll). A significant improvement in optical quality of the selfassembled GaN NRs compared to GaN layers was observed.
Following that, the effect of the growth temperature on the morphology and emission characteristics of self-assembled InGaN NRs was studied. Within the growth temperature range of 650°C to 750°C, an increase in the In incorporation for decreasing temperature was observed. This effect allowed tailoring the InGaN NRs emission line shape by using temperature gradients during growth yielding white emission at room temperature and low temperature. Besides that the implementation of single InGaN QDisk structures into self-assembled GaN NRs was shown, revealing a clear blue-shift with decreasing nominal thickness of the quantum disk.
The second part of this work described the influence of the substrate temperature, and III/V flux ratio on the SAG of GaN NRs on both c-plane sapphire/GaN-and a-plane sapphire/GaN substrates. Two ways of lithography were presented putting special emphasis on the colloidal lithography, as a method which is able to handle big areas in a short time. With optimized conditions, ordered GaN NRs were grown with a wide variety of diameters. SAG of a-plane GaN NRs was compared, in terms of lateral, vertical growth rates, and optical properties with the SAG of c-plane GaN NRs. The vertical growth rate of ordered a-plane and c-plane nanocolumns was found to differ by a factor of 3.5, with the same conditions being used. Besides that it was shown that ordered a-plane NRs show a significant lateral growth rate, which is in contrast to the ordered c-plane NRs. For the optical properties it has been found that ordered c-plane NRs are fully relaxed and show a full width half maximum comparable to self-assembled GaN NRs. In the case of ordered a-plane NRs only partial relaxation with respect to the strained a-plane substrate and a higher full width half maximum compared to ordered c-plane GaN nanocolumns was observed. In addition to that the implementation of single InGaN QDisk structures into both ordered a-plane GaN and c-plane GaN NRs was shown revealing green emission for the single quantum disk implemented on ordered c-plane GaN NRs and white emission for the single QDisk implemented in ordered a-plane NRs at room temperature.
Based on the presented results, two lines are being under development in our group. First, following the RGB approach initiated with self-assembled NRs, the ordered growth of c-oriented InGaN NRs achieving red, green and blue emission, and their combination for white light emission. And second, the improvement of selectivity during the InGaN growth on a-plane nanostructures, since first results have shown a very high IQE (58%) for the InGaN embedded in such nanostructures.
